Background: Hodgkin lymphoma is uncommon in the U.S. general population; however, Hodgkin lymphoma risk is elevated in people with human immunodeficiency virus
Introduction
Human immunodeficiency virus (HIV) is associated with the elevated risk of a number of cancers, including Hodgkin lymphoma (1) . HIV increases Hodgkin lymphoma risk by causing progressive immune suppression [i.e., acquired immunodeficiency syndrome (AIDS)] and likely loss of immunologic control of Epstein-Barr virus (EBV; refs. 2, 3) . Ninety percent of Hodgkin lymphoma tumors in HIV-infected people are EBV positive, compared with 32% in HIV-uninfected people (4) . The association with immune suppression is weaker than that observed for non-Hodgkin lymphoma (NHL). NHL rates declined dramatically with the introduction of highly active antiretroviral therapy (HAART) to treat HIV. In contrast, it is unclear whether rates of Hodgkin lymphoma among people with HIV have changed in the HAART era (2, (5) (6) (7) .
The magnitude of the elevated risk of Hodgkin lymphoma in people with AIDS varies across histologic subtypes of Hodgkin lymphoma, with 18-fold increased risk for mixed cellularity Hodgkin lymphoma, 35-fold for lymphocyte-depleted Hodgkin lymphoma, 5-fold for nodular sclerosis Hodgkin lymphoma, and 32-fold for unspecified Hodgkin lymphoma (8) . Mixed cellularity is the most common Hodgkin lymphoma subtype among HIV-infected individuals in contrast with the predominance of nodular sclerosis in the general population (5) .
Hodgkin lymphoma is uncommon in the U.S. general population, with only 9,060 cases estimated to have occurred in 2012 (9) , but it is the fifth most common type of cancer in people with HIV (10) . Despite the documented elevations in risk of Hodgkin lymphoma among HIVinfected individuals, the impact of HIV-infected Hodgkin lymphoma cases on the general population burden of Hodgkin lymphoma has not been assessed. Using data from the National Cancer Institute's Surveillance, Epidemiology and End Results (SEER) Program for 14 U.S. regions, we estimated the proportion of Hodgkin lymphoma cases during 2000 to 2010 who had HIV infection. We also assessed the proportion of deaths among Hodgkin lymphoma cases because of HIV, and mortality among Hodgkin lymphoma cases according to HIV status.
Materials and Methods

Data sources
Data on incident Hodgkin lymphoma cases were derived from 14 U.S. SEER population-based cancer registries for 2000 to 2010. These registries (Connecticut, Hawaii, New Mexico, Utah, Atlanta, Detroit, SeattlePuget Sound, Los Angeles, San Francisco-Oakland, San Jose-Monterey, greater California, New Jersey, Louisiana, Kentucky) represent 24.7% of the U.S. population.
Hodgkin lymphoma cases and histologic subtypes were defined using the SEER lymphoma subtype recode based on classifications proposed by the International Lymphoma Epidemiology Consortium (InterLymph) Pathology Working Group: nodular lymphocyte predominant, lymphocyte-rich, mixed cellularity, lymphocytedepleted, nodular sclerosis, and classical Hodgkin lymphoma, not otherwise specified (NOS; ref. 11). Disease staging was based on the Ann Arbor classification system, according to the extent of tumor and the presence or absence of "B" symptoms (i.e., systemic symptoms of night sweats, fever, and weight loss; ref. 12) .
SEER registries recorded HIV serostatus at the time of cancer diagnosis (i.e., "HIV flag") as part of the extent of disease field for individuals diagnosed with Hodgkin lymphoma (13, 14) . However, 61% of Hodgkin lymphoma cases had unknown values for the HIV flag. We classified these cases as HIV uninfected, as the majority of cases with known values were HIV uninfected. For Hodgkin lymphoma cases who died, SEER records the underlying cause of death from death certificates. In a sensitivity analysis, we reclassified Hodgkin lymphoma cases without a positive HIV flag, but with HIV listed as the cause of death, as HIV infected. The number of reclassified cases was small (n ¼ 43, or 0.20% of cases without a positive HIV flag), supporting our assignment of Hodgkin lymphoma cases with an unknown HIV flag to uninfected status. For comparison, 24.5% of deaths among Hodgkin lymphoma cases classified as HIV-infected by the HIV flag had HIV as the cause of death.
Statistical analysis
We computed the prevalence of HIV in Hodgkin lymphoma cases by sex, age group, race/ethnicity, HIV prevalence of the registry catchment area, histology, stage, and the presence of "B" symptoms. Registry catchment areas were classified as having high (San Francisco-Oakland, New Jersey, Louisiana, Atlanta, Los Angeles, Detroit, Connecticut) or low HIV prevalence (Seattle-Puget Sound, greater California, Hawaii, San Jose-Monterey, Kentucky, New Mexico, Utah) compared with the national average (0.28% HIV prevalence) based on Centers for Disease Control and Prevention data from 2011 (15) .
For Hodgkin lymphoma cases who died, the underlying cause of death was ascertained by SEER using death certificates and was classified as because of HIV (ICD-10: B20-B24), Hodgkin lymphoma (ICD-10: C81), or other causes (16) . We computed the fraction of deaths among Hodgkin lymphoma cases who had HIV as the underlying cause of death. The cumulative 5-year overall mortality was estimated for HIV-infected and HIV-uninfected cases of Hodgkin lymphoma with the Kaplan-Meier method. The cumulative 5-year mortality because of Hodgkin lymphoma and HIV (only for HIV-infected cases) was also estimated, treating other causes of death as competing events, using the survival session module in SEER Ã -Stat (17) .
Results
During 2000 to 2010, a total of 22,355 Hodgkin lymphoma cases were diagnosed in 14 U.S. SEER regions. Of these cases, 848 (3.8%) were HIV-infected at the time of diagnosis. Table 1 presents the characteristics of Hodgkin lymphoma cases by HIV status. Compared with Hodgkin lymphomas in people without HIV infection, a larger proportion of Hodgkin lymphomas in people with HIV infection were mixed cellularity (25.0% vs. 12.2%), and a smaller proportion were nodular sclerosis (30.7% vs. 59.6%). HIV-infected cases were predominantly male (86.2%), whereas HIV-uninfected cases were more evenly divided between genders (53.7% male). The early peak in Hodgkin lymphoma diagnoses in HIV-uninfected cases among 20-to 29-year-olds was not observed in HIVinfected cases; instead, 82.9% of HIV-infected cases occurred in 30-to 59-year-olds (Fig. 1) . The median age at Hodgkin lymphoma diagnosis was between 40 and 44 years for HIV-infected cases and between 35 and 39 years for HIV-uninfected cases. HIV-infected cases were more likely to be diagnosed at advanced stages (stage IV: 41.5% of HIV-infected individuals vs. 17.0% of HIV-uninfected individuals) and with "B" symptoms (57.4% of HIVinfected cases versus 34.2% of HIV-uninfected cases). Table 2 displays the prevalence of HIV infection among subgroups of Hodgkin lymphoma cases. HIV prevalence was greater among male (5.96%) than among female (1.16%) Hodgkin lymphoma cases. Among male Hodgkin lymphoma cases, HIV prevalence was highest (14.2%) in 40-to 49-year-olds. Non-Hispanic black and Hispanic males had the highest proportion of Hodgkin lymphoma cases with HIV (16.9% and 9.89%, respectively). The fraction of male Hodgkin lymphoma cases with HIV infection was higher in regions with HIV prevalence above the national average than in regions with HIV prevalence below the national average (7.65% vs. 3.99%). Among males, a higher proportion of lymphocyte-depleted Hodgkin lymphoma (15.1%), mixed cellularity Hodgkin lymphoma (10.5%), and classical Hodgkin lymphoma NOS (10.8%) were HIV-infected compared with lymphocyte-rich (3.42%), nodular sclerosis (3.22%), and nodular lymphocyte predominant Hodgkin lymphoma (0.60%). Also, among males, HIV prevalence was higher in stage IV Hodgkin lymphoma cases and Hodgkin lymphoma cases with "B" symptoms (13.0% and 9.13%, respectively) compared with less advanced cases. Patterns were similar among females, albeit with much lower prevalence ( Table 2) .
In a sensitivity analysis, we reclassified 43 Hodgkin lymphoma cases without a positive HIV flag, but with HIV as the cause of death, as HIV-infected. The overall proportions of Hodgkin lymphoma cases with HIV infection were similar (6.22% in men, 1.26% in women), and the patterns were consistent with our main analysis (not shown).
Overall, 8.33% of deaths in male Hodgkin lymphoma cases and 1.50% of deaths in female Hodgkin lymphoma cases were because of HIV (Table 3 ). The patterns for the fraction of deaths because of HIV infection were similar to those described for HIV prevalence in Hodgkin lymphoma cases. Among males, the proportion of deaths among Hodgkin lymphoma cases that were because of HIV infection was particularly high among 30-to 39-yearolds and 40-to 49-year-olds (21.0% and 24.6%, respectively), and non-Hispanic blacks and Hispanics (24.7% and 12.9%, respectively). In addition, a large fraction of deaths among male cases of mixed cellularity (9.64%) and lymphocyte-depleted (15.4%) Hodgkin lymphomas, stage IV Hodgkin lymphomas (14.7%), and Hodgkin lymphomas with "B" symptoms (11.3%) were because of HIV.
The 5-year risk of death among HIV-infected Hodgkin lymphoma cases was 36.9% compared with 17.5% among HIV-uninfected Hodgkin lymphoma cases ( Fig. 2A and  B) . The majority of deaths among HIV-infected Hodgkin lymphoma cases were because of HIV (65.6% of deaths; absolute risk of death because of HIV: 23.3% in 5 years). In contrast, the risk of death because of Hodgkin lymphoma was similar among HIV-uninfected and HIV-infected Hodgkin lymphoma cases (9.0% vs. 6.2% in 5 years, respectively). 
Discussion
In recent decades, HIV has had an important impact on the overall general population burden of Hodgkin lymphoma in the United States, and is an important cause of mortality in Hodgkin lymphoma cases. For 14 U.S. areas during 2000 to 2010, we estimated that 6% of Hodgkin lymphoma cases in men and 1% of Hodgkin lymphoma cases in women were HIV infected. In addition, 8% of deaths in male Hodgkin lymphoma cases and 1.5% of deaths in female Hodgkin lymphoma cases were because of HIV infection. At 5 years after Hodgkin lymphoma diagnosis, the overall risk of death was twice as high in HIV-infected Hodgkin lymphoma cases compared with HIV-uninfected Hodgkin lymphoma cases.
We have shown that a substantial fraction of Hodgkin lymphoma cases are HIV infected and an even larger fraction of deaths in Hodgkin lymphoma cases are because of HIV. It has long been recognized that the risk of Hodgkin lymphoma is elevated in HIV-infected individuals (18) . However, for clinicians, a diagnosis of Hodgkin lymphoma may not raise the same level of suspicion of HIV infection as other HIV-related cancers (e.g., Kaposi sarcoma or anal cancer in younger men), and may be less likely to result in an HIV test. Therefore, clinicians need to be aware that for mixed cellularity and lymphocytedepleted Hodgkin lymphoma, and for Hodgkin lymphomas occurring among 30-to 59-year-old men and minorities, a notable fraction may be HIV infected. For patients with HIV-infected Hodgkin lymphoma, especially those Among males, the fraction of Hodgkin lymphoma cases with HIV is quite high in specific demographic subgroups. For example, 1 in 7 Hodgkin lymphoma cases in 40-to 49-year-old males, 1 in 6 Hodgkin lymphoma cases in non-Hispanic black males, and 1 in 10 Hodgkin lymphoma cases in Hispanic males were HIV infected. In addition, a quarter of all deaths occurring among Hodgkin lymphoma cases in 40-to 49-year-old and non-Hispanic black men were because of HIV. These demographic patterns are likely driven by the high prevalence of HIV in these subgroups of the general population (15) . In addition, the incidence rate of Hodgkin lymphoma in the general population in middle age groups is lower than in younger and older age groups; thus, the contribution of HIV-infected cases has a greater impact among middleaged men. The fraction of Hodgkin lymphoma cases with HIV also varied by tumor histology, stage, and the presence of "B" symptoms. Among males, 1 in 10 cases of mixed cellularity Hodgkin lymphoma and 1 in 7 cases of lymphocytedepleted Hodgkin lymphoma were HIV infected. Furthermore, 1 in 8 stage IV Hodgkin lymphoma cases and 1 in 11 Hodgkin lymphoma cases with "B" symptoms were HIV infected. Similar proportions of death because of HIV were observed in these subgroups. These results are consistent with many prior studies that have shown mixed cellularity and lymphocyte-depleted Hodgkin lymphoma to be more common among HIV-infected individuals, and have shown the risk of these subtypes is particularly high (5, 8, 22, 23) . These subtypes are also known to have the strongest association with EBV (24) . EBV is present in the majority of tumors in HIV-infected cases, with one prior study reporting 90% of HIV-infected cases as EBV positive (4) . HIV-related immune suppression likely increases the risk of Hodgkin lymphoma by impairing control of EBV infection (4) . The role of immune suppression in increasing the risk of Hodgkin lymphoma is further supported by the 4-fold increased risk of Hodgkin lymphoma observed among solid organ transplant recipients (25) .
The 5-year mortality was 2-fold higher in HIV-infected Hodgkin lymphoma cases compared with HIV-uninfected Hodgkin lymphoma cases. These results contrast with findings in recent trials, which have shown that overall 5-year survival following standard treatment for Hodgkin lymphoma is the same for HIV-infected and HIV-uninfected individuals (26, 27) . In our study, poorer survival in HIV-infected Hodgkin lymphoma cases was largely driven by deaths because of HIV, which may reflect less adequate treatment of HIV outside a clinical trial setting. In contrast to overall survival, the 5-year risk of dying from Hodgkin lymphoma was similar among HIV-infected individuals. This result may seem counterintuitive, given the large fraction of HIV-infected Hodgkin lymphoma cases that are late stage and have systemic symptoms at diagnosis. However, the high risk of death from HIV (as a competing event) may preclude death because of Hodgkin lymphoma. In addition, it is possible that the underlying cause of death in an HIVinfected individual is preferentially coded as HIV, even if the death was ultimately because of another cause, leading to a smaller number of deaths coded as Hodgkin lymphoma.
The primary limitation in this study was incomplete ascertainment of the HIV status of HIV-infected cases with the SEER HIV flag. Prior studies have shown the SEER flag to be >90% sensitivity in the identification of HIV-infected NHL (13, 14) ; however, similar analyses have not been carried out for Hodgkin lymphoma. In a sensitivity analysis, the reclassification of a small number of Hodgkin lymphoma cases without a positive HIV flag, but with HIV as a cause of death, had little impact on our estimates. Because we classified all individuals with an unknown HIV flag as HIV-uninfected, our estimates are conservative. We also note that the 14 SEER registries included in our analysis may not be representative of the entire U.S. population. In particular, they included registries with wide variation in HIV prevalence in the general population (e.g., San Francisco-Oakland: 0.55% and Utah: 0.11%; ref. 15) . However, because the proportion of Hodgkin lymphoma cases with HIV varies based on regional HIV prevalence, the proportion of Hodgkin lymphoma cases with HIV in the entire United States probably lies somewhere between our estimates for low and high prevalence regions and therefore close to our overall estimate.
In conclusion, we have presented the first estimates of the contribution of HIV-infected cases to the overall Hodgkin lymphoma burden in 14 regions of the United States across subgroups defined by demographics and tumor characteristics. A substantial fraction of Hodgkin lymphoma cases occurring in middle-aged, non-Hispanic black, and Hispanic men are HIV-infected, as well as a large fraction of mixed cellularity and lymphocyte-depleted Hodgkin lymphoma cases. As the HIV-infected population in the U.S. continues to grow, the absolute number of HIV-infected Hodgkin lymphoma cases will likely increase, resulting in an increasing proportion of Hodgkin lymphoma cases in the general population with HIV infection (10) . Clinicians should be aware of the high prevalence of HIV in certain subgroups of patients with Hodgkin lymphoma, particularly middle-aged males and African-American males, and routine HIV testing should be recommended for all patients presenting with Hodgkin lymphoma.
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